An in situ respirometric technique was applied to a sequential biofilm batch reactor treating a synthetic wastewater containing acetate. In this reactor, inoculated with mixed liquor from a wastewater plant, unglazed ceramic tiles were used as support media while maintaining complete mixing regime. A total of 8 kinetic and stoichiometric parameters were determined by in situ pulse respirometry; namely substrate oxidation yield, biomass growth yield, storage yield, storage growth yield, substrate affinity constant, storage affinity constant, storage kinetic constant and maximum oxygen uptake rate. Additionally, biofilm growth was determined from support media sampling showing that the colonization process occurred during the first 40 days, reaching an apparent steady-state afterward. Similarly, most of the stoichiometric and kinetic parameters were changing over time but reached steady values after day 40. During the experiment, the respirometric method allowed to quantify the amount of substrate directed to storage, which was significant, especially at substrate concentration superior to 30 mg COD L −1 . The Activated Sludge Model 3 (ASM3), which is a model that takes into account substrate storage mechanisms, fitted well experimental data and allowed confirming that feast and famine cycles in SBR favor storage. These results also show that in situ pulse respirometry can be used for fixed-bed reactors characterization.
Introduction
Submerged fixed-bed reactors, also called biofilters, are of interest for bioprocesses with low microbial growth rates. The use of support media allows (i) long microbial residence time, (ii) short hydraulic residence time with low wash-out risk, and (iii) high resistance to toxic loads (Riefler et al., 1998) . Compared to suspended biomass reactors, fixed-bed reactors are also significantly more complex to characterize, mainly because of the difficulty to obtain representative samples from the support media. For characterization purposes, the use of non invasive methods is preferable. The non invasive method most commonly used is based on influent and effluent mass balance, which allows the estimation of several kinetic and stoichiometric parameters, including biomass growth (Ordaz et al., 2011) . However, mass balance methods require the analysis of several pseudo steady-states similarly to the classical chemostat method (Dinç er and Kargi, 2000) , which is time-consuming and does not take into account potential biofilm accumulation and therefore process modifications between two measurements. Moreover, determination of kinetic and stoichiometric parameters requires the direct measurement of the growth limiting substrate at concentrations below or close to the affinity constant (K S ). Kovarova-Kovar and Egli (1998) as well as Koch (1997) have pointed to the precision and accuracy of substrate measurements as the main limitation of traditional kinetic and stoichiometric parameters determination.
An alternative method is pulse respirometry, which consists in measuring the dissolved oxygen (DO) concentration after the injection of a defined concentration of substrate into the system. The exogenous oxygen uptake rate (OUR ex ) curves reflect the kinetics and stoichiometry of the aerobic biodegradation process (Kong et al., 1994; Vanrolleghem et al., 1995) . Such curves are also of interest to observe transient states (Jubany et al., 2005; Riefler et al., 1998; Sipkema et al., 1998) . Compared to techniques based on substrate concentration measurement, respirometry allows the retrieval of numerous parameters with relatively small experimental effort, in real time, and using a low cost probe (Chandran et al., 2008; Riefler et al., 1998) .
Pulse respirometry has been previously applied to fixed-bed reactors but using external respirometers that analyze samples taken from the reactor. The use of respirometers allows a better control of the test conditions and improves the results precision, but it does not discard the difficulty to obtain representative samples from the core of the reactor. To avoid sampling, Ordaz et al. (2008) applied in situ pulse respirometry, defined as pulses done directly into the reactor, for the characterization of a suspended biomass reactor. Later, Ordaz et al. (2011) applied in situ pulse respirometry in a nitrifying fixed-bed reactor and showed that in situ pulse respirometry was suitable for the direct estimation of a limited number of kinetic and stoichiometric parameters like K S and the maximum substrate uptake rate (R max ).
In the present work, in situ pulse respirometry was applied to a fixed biofilm reactor for the determination of 8 kinetic and stoichiometric parameters, during a 64 days experiment. Besides parameters determination, a special emphasis was given to support media colonization process and substrate storage mechanism. The selected process was the treatment of a synthetic wastewater containing acetate in a sequential batch reactor (SBR) and using unglazed ceramic tiles as model support media.
Materials and methods

Experimental set-up
A transparent acrylic reactor was used (0.14 m internal diameter, 0.56 m height, 8.6 L total volume). Model support media was used to allow biofilm growth while maintaining complete mixing regime, which is an important factor for respirometric characterization. This model support media was composed of unglazed ceramic tiles (5 cm × 1.5 cm × 0.7 cm). A total of 96 tiles were suspended in 16 rows of 6 tiles each, using small fishing wires. This support media distribution allowed sampling of a row of six tiles when required for analyses (see Fig. 1 ). The total surface area of the support media was calculated from geometrical dimensions of each tile, excluding micropores and surface area of the wires (0.5 mm diameter). The surface area of the holding rod was also discarded, as no biofilm growth was observed on it. The calculated specific surface area was 460 m 2 m −3 and the working liquid volume of the reactor with support media was 7.7 L.
Reactor operation
The fixed-bed reactor was inoculated with 1 L of mixed liquor obtained from a municipal wastewater treatment plant in Braga, Portugal. The reactor was operated in continuous mode until a significant biomass growth was observed. After that, the reactor was operated under SBR mode with 5 cycles per day, using synthetic wastewater containing acetate as carbon source. The choice of synthetic wastewater instead of real wastewater was made to avoid composition and concentration oscillations and to allow for model development purposes. A typical SBR cycle was as follows: (i) the reactor was filled with a synthetic wastewater containing (g L −1 ): (NH 4 ) 2 SO 4 , 1.42; KH 2 PO 4 , 0.13; CaCl 2 , 0.14; MgSO 4 , 0.12; FeSO 4 , 0.05; NaHCO 3 , 1.00. This feeding period lasted for about 8 min; (ii) a period with no feeding was maintained for 10 min in order to stabilize pH and DO readings; (iii) the desired volume of a concentrated acetate solution (CH 3 COONa, 6.31 g L −1 ) was automatically fed to the system, which lasted from 1 to 8 min, depending of the required substrate concentration; (iv) the degradation phase was maintained for 150-350 min to allow for a complete acetate degradation, depending on the substrate concentration and degradation rate; and (v) the reactor was emptied within approximately 6 min before another cycle was started. Reactor filling and emptying were done using peristaltic pumps (Watson Marlow, 405 U/R1, USA). At each feeding cycle, the amount of concentrated substrate added was varied in order to reach different substrate concentrations in the reactor. For respirometric reasons (see section on respirometric method and parameters estimation), five cycles of different COD (mg L −1 ) concentrations were done every day in the following sequence: 55.0 ± 1.4; 6.9 ± 0.2; 27.7 ± 0.7; 13.8 ± 0.4; and 41.3 ± 1.0. According to these feeding periods, the total organic loading rate of the reactor was 145 mg COD L −1 day −1 .
Air was continuously supplied through a porous plate (0.09 m diameter) located at the bottom of the reactor with a constant flow rate of 0.6 L min −1 . The air flow rate was controlled by a mass flowcontroller (Aalborg, Model GFC 17, Denmark) and confirmed with a variable area flow-meter (Cole-Parmer, USA). The pH was maintained at 7.5 ± 0.02 with NaOH 1 M addition using a pH controller (WTW, Model Quadroline 296, Germany). Dissolved oxygen was measured with a polarographic probe and a dissolved oxygen bench meter (HI2400, Hanna Instruments, USA) connected to a PC for data acquisition. The probe included temperature data logger and automatic temperature compensation. The oxygen probe was placed at the top of the reactor. The oxygen probe was calibrated twice a week using nitrogen (0%) and air (100%) injected in a sample of sterilized mixed liquor obtained from the reactor. The reactor was maintained at ambient room temperature (19-20 • C). During respirometric experiments, temperature of the liquid phase was stable (within ±0.2 • C variation).
Analytical procedures
Influent and effluent were characterized through triplicate measurements of the total and soluble COD, determined using the closed reflux colorimetric method, using a laboratory digester and a spectrophotometer (HT200S and DR2800, respectively, Hach Lange, UK). Substrate concentration (S) was considered to be the soluble COD fraction. Biomass concentration growing on the model support media was measured by dry weight according to Milferstedt et al. (2006) , and by COD measurements. Before reactor start-up, each tile was: (i) dried at 100 • C up to constant weight (48 h); (ii) marked; (iii) weighted; and (iv) then placed into the reactor. During the experiment, from time to time, a row of six tiles was extracted from the reactor and dried during 48 h at 100 • C. The six dried tiles were weighted and then separately submerged in a known volume of distilled water and sonicated for 60 min.
Biomass concentration in the sonicated water sample was then determined by COD determination. Acetate was measured by HPLC (Jasco Plataform Pro, UK) with a Varian Metacarb 67H column, H 2 SO 4 5 mM as mobile phase, flow rate of 0.7 mL min −1 , pressure range from 70 to 80 kg cm −2 , oven temperature of 60 • C and UV detector at 210 nm.
The oxygen mass transfer coefficient (k L a) was measured with the dynamic method as described by Badino et al. (2000) . k L a was measured in triplicate, once per day after the reactor was filled and before acetate pulse was injected. All DO measurements were done taking into account the response time of the DO electrode ( ), characterized as the time necessary to reach 63% of the actual DO concentration when exposed to a step change (Eq. (1)). In Eq.
(1), C is the measured DO concentration while C is the actual DO concentration. was estimated by passing the DO electrode from water previously flushed with nitrogen to saturated water.
Mixing time characterization
The hydrodynamic behavior of the reactor during pulse injection was characterized by the mixing time (t mix ), determined by a lithium tracer technique (Séguret et al., 2000) . The following procedure was used: (i) a known concentration of lithium chloride (Analytical grade, Sigma-Aldrich, USA) was injected at the bottom of the reactor; (ii) samples were taken from the top of the reactor; and (iii) after stable lithium concentration was observed, the reactor was emptied and the normal SBR operation was resumed. The samples taken from the reactor were filtered (0.45 m) and analyzed immediately by atomic absorption (Varian SPECTRAA 250 Plus, USA), after proper calibration. In order to make it comparable to (Eq. (1)), t mix was defined as the time required to reach a lithium concentration of 63% of the final lithium concentration.
Respirometric method and parameters estimation
In terms of oxygen balance, each SBR cycle was similar to a respirometric pulse. This method was previously used by Karahan et al. (2006) . For each cycle, after the injection of a known substrate concentration (S C ), the DO concentration in the reactor was described by a balance between the exogenous respiration rate of the microorganisms (OUR ex ) and the oxygen provided by continuous aeration (Eq. (2)). Eq. (2) takes into account the response time of the process (t r ) as suggested by Vanrolleghem et al. (2004) . More specifically, t r is the time constant of transient phenomenon observed following the substrate addition, including substrate and oxygen diffusion through biofilm as well as the sequence of intracellular reactions involved in substrate degradation. Eq. (2) assumes a complete mixing regime, as it will be discussed in Section 3.
OUR ex was described by a simple Monod kinetic (ASM1) and a more complex model (ASM3). ASM1 is an unstructured model for the simulation of oxygen and substrate consumption associated with biomass growth and ASM3 is a partially structured model that takes into account substrate storage mechanisms. The choice of these two models was based on their simplicity and their wide application in the field of respirometry. A proper description of these models can be found elsewhere (Gujer et al., 1999; Henze et al., 1987) . Three different methods were used to estimate the kinetic and stoichiometric parameters, namely direct interpretation of respirograms, pulses of increasing concentration or model fitting (Table 1) . Y X/S and Y O 2 /S , which are parameters of both ASM1 and ASM3 models, were estimated from a direct interpretation of the respirograms area according to Eq. (3), as previously described (Ordaz et al., 2008) .
In ASM3, the overall Y X/S can be divided in two partial yields. Indeed, ASM3 considers that the substrate is first consumed for storage and then bacteria consume storage material for growth (Goel et al., 1999; Guisassola et al., 2005; Karahan et al., 2002; Van Loosdrecht et al., 1997) . Two growth yields are therefore defined; storage yield (Y XSto/S ), and storage growth yield (Y X/XSto ). Both parameters were estimated from direct interpretation of the respirograms, according to Eqs. (4) and (5) (Goel et al., 1999; Karahan et al., 2002) . Fig. 2 shows an example of a typical respirogram observed after the injection of a substrate pulse of 41.3 ± 1.0 mg COD L −1 . In Eqs. (4) and (5) as well as in Fig. 2 , C LSto is the baseline of oxygen consumption for storage and represents the limit between oxygen consumption for storage (Area I, Fig. 2 ) and oxygen consumption for growth (Area II, Fig. 2 ) as suggested earlier by Karahan et al. (2002 Karahan et al. ( , 2006 . In the present work, C LSto was estimated after drawing a line A-B between the origins of the DO curve to the inflection point observed during the DO ascending part (line A-B, Fig. 2 ).
K S and OUR exmax , which are parameters of both ASM1 and ASM3 models, were determined after the injection of pulses of increasing concentration, similarly to the method previously reported by Orupold et al. (2001) . In the present work, the feeding strategy allowed to obtain respirograms at several substrate concentrations. For each set of respirograms (5 respirograms obtained per day), the observed maximum oxygen uptake rate (OUR exmax ) was plotted against the actual substrate concentration (S t ) by the time OUR exmax was observed (Eq. (6)). As it will be discussed in Section 3, the resulting graphs showed a clear Monodtype shape that was used to estimate OUR exmax and K S , after Hannes Woolf linearization (Duarte et al., 1994) . In order to compensate for the reduction of support media due to sampling, OUR exmax were expressed per unit of support area in the reactor.
K Sto , k Sto , X and tr, were obtained by adjustment of ASM1 (Monod kinetic) or ASM3 (Table 2) to the experimental data with a fitting procedure based on Runge-Kutta method and the parameters were optimized with a Marquardt optimization method (Model Maker, Cherwell Scientific Publishing, UK). The goodness of fit was determined by the correlation factors (r 2 ) and the P-values. When ASM3 was used, the endogenous respiration rate of biomass (b h ) and the endogenous respiration rate of storage material (b Sto ) were set to default values; 8.3 × 10 −3 g O 2 g −1 X h −1 and 8.3 × 10 −3 g O 2 −1 X Sto h −1 , respectively (Karahan et al., 2002) . In the matrix representation of ASM3, max was substituted by Eq. (7).
In order to account for suspended biomass activity during respirometric tests, samples of the effluent mixed liquor were taken and tested in a commercial respirometer (YSI 5300A, YSI, USA). In that respirometer, pulse experiments were done by injecting a known amount of synthetic wastewater and suspended biomass concentration was estimated from the difference between total and soluble COD.
Results and discussion
Support media colonization
After inoculation, the reactor was operated continuously for 3 days, at a dilution rate of 0.02 h −1 with an acetate concentration of 30 mg COD L −1 . At day 4, the suspended biomass was removed from the reactor and the SBR operational mode was started with 5 cycles per day, corresponding to a total organic loading rate of 0.145 g COD L −1 day −1 . Fig. 3 shows the biomass concentration observed on the support media. From the onset of the reactor operation and until day 40, the support media was progressively colonized reaching a final concentration of 9.8 ± 1.8 g dry-biomass m −2 and 12.7 ± 3.1 g COD-biomass m −2 . After day 40, the carrier was not further colonized and the substrate degradation rate as well as the biomass concentration in the effluent remained constant (data not shown). This suggests that the reactor reached a pseudo steady-state by day 40. Afterwards, the COD/weight ratio of the fixed biomass was 1.29 ± 0.07 which is close to the COD/weight ratio of the microbial biomass composition usually accepted (C 5 H 7 NO 2 , ratio of 1.41) and within the range of 1.2-1.6 reported by Contreras et al. (2002) for pure cultures and activated sludge systems.
Mixing characterization
Before starting the respirometric experiments, was estimated to 19 ± 2 s and the mixing regime of the reactor was evaluated. In the absence and the presence of support media, t mix was 16 ± 2 and 18 ± 4 s, respectively. Compared to the duration of the pulses; i.e. typically from 1 to 5 h, these observed mixing times were negligible and the reactor was therefore considered as completely mixed. Similarly, as the mixing times with and without support media were not significantly different (P < 0.05), the support media was considered as without effect on the reactor mixing regime. Vanrolleghem et al. (2004) and Einsele et al. (1978) suggested that when t mix is significantly higher than t r , the DO response observed immediately after substrate pulses injection, is affected by mixing regime. Mixing may therefore affect kinetic characterization, if not considered by the respirometric model. As it will be shown hereafter, in this work, the response time of the process was estimated to 40 s, which is significantly higher than t mix . It was therefore considered that mixing occurred significantly faster than the transient phenomenon and did not contribute significantly to the observed DO response. Fig. 4A shows an example of respirograms obtained at day 17, after the injection of five different substrate amounts (S C of 6.9, 13.8, 27.7, 41.3, and 55.0 mg COD L −1 ). Fig. 4B shows the OUR exmax against S t plot, where a typical Monod curve can be seen. The Hannes Woolf linearization fitted well the results obtained in Fig. 4B (r 2 : 0.987 ± 0.019) and allowed the determination of OUR exmax and K S . The same strategy was used along the entire reactor operation and similar model fitting were obtained (average r 2 : 0.981 ± 0.023). In order to account for potential suspended biomass activity, respirometric pulses experiments were done, every 5 days, with samples of the effluent suspended biomass. No response to substrate pulses was observed (data not shown). This low activity was explained by low suspended biomass concentration, namely below COD detection limit (2 mg COD L −1 ), all along the experiment. For comparison, as it will be shown hereafter, the corresponding fixed biomass concentration was between 1.8 and 6.0 g COD L −1 . Suspended biomass activity was therefore considered insignificant. Fig. 5A shows that OUR exmax , expressed per unit of support area, increased and reached a maximum value of 1300 mg O 2 h −1 m −2 at day 22. After day 22, OUR exmax decreased and stabilized, after day 40, to approximately 766 ± 53 mg O 2 h −1 m −2 . According to the observed Y O 2 /S , this OUR exmax corresponded to a maximum acetate degradation rate of 2051 ± 185 mg h −1 m −2 . The decrease observed between days 22 and 40, might be related to modifications in biofilm structure or diffusion limitation. A similar behavior was observed with K S . The apparent K S started at values of 10 mg L −1 , increased during the first 22 days up to 30 mg L −1 and then, decreased before stabilizing at 20 ± 2 mg L −1 , after day 40. These results may also be related to modification of biofilm structure or to a shift in microbial population. The K S values obtained Table 2 Simplified matrix of ASM3 for organic carbon removal, considering soluble biodegradable COD.
OUR exmax and K S determination
Component process
were clearly superior to the range reported in the literature for suspended cultures (i.e. 0.5-3 mg L −1 ; Guisassola et al., 2005; Hoque et al., 2009 ). This could be due to the presence of the biofilm, as Gonzalez-Gil et al. (2001) reported that K S for acetate increased almost 10 times when an anaerobic culture was growing in granular form, compared to suspended biomass.
3.4. Y XSto/S , Y X/XSto , Y O 2 /S and Y X/S determination Fig. 5B shows the Y X/S profile observed during the experiment. It was observed that during the first 12 days, Y X/S was 0.53 ± 0.04. After day 13, Y X/S decreased to 0.37 ± 0.03, while after day 37 the value increased again to 0.51 ± 0.05.
Y X/S is the overall yield of the system and involves the substrate utilization and growth either on soluble or stored substrate. However, SBR operation induces a succession of feast and famine cycles, which is known to promote storage mechanisms (Guisassola et al., 2005; Karahan et al., 2006; Van Loosdrecht et al., 1997) . Additionally, Karahan et al. (2002) , showed that when there is a change from a famine to a feast period, the microorganism may respond differently, depending on the S/X ratio. At high S/X ratio, the storage process is preferential over the growth process, whereas the contrary is observed at low S/X ratio. Taking that into account, Fig. 5B shows Y XSto/S observed along the experiment, for the minimum and maximum pulse concentrations tested during the experiment, i.e. 6.92 ± 0.18 and 55.04 ± 1.42 mg L −1 , respectively. For the higher pulse concentration, Y XSto/S was roughly constant along the reactor operation. On the contrary, with the lowest pulse concentration a clear decrease of Y XSto/S was observed. This decrease can be explained by the increase of the biomass concentration in the reactor, decreasing further the S/X ratio and promoting growth over storage. The Y XSto/S values observed in Fig. 5B at the higher pulse concentration, i.e. from 0.7 to 0.75, are within the range reported in the literature (0.66-0.97; Carucci et al., 2001; Gujer et al., 1999; Hoque et al., 2009; Karahan et al., 2002) .
To further analyze the impact of substrate concentration, Fig. 6A shows the average Y XSto/S and Y X/XSto observed at each one of the five pulses concentrations (S C of 6.9, 13.8, 27.7, 41.3, and 55.0 mg COD L −1 ) during the 64 days of the experiment. No significant difference of Y X/S was observed but storage (Y XSto/S ) was significantly more important at higher S C , and growth (Y X/XSto ) was promoted by low S C . An 8-fold increase of S p caused a 32% increase of Y XSto/S and a 34% decrease of Y X/XSto . These results therefore confirm what earlier suggested by Karahan et al. (2002) about the effect of the S/X ratio on storage. 3.5. K Sto , and k Sto determination Fig. 6B shows the correlation factor (r 2 ) of ASM1 and ASM3 models to the experimental data. ASM1 described adequately the experimental data for S C of 6.92, 13.85 and 27.69 mg COD L −1 with an average r 2 of 0.951, when lower storage (Y XSto/S ) was observed. With S C of 41.32 and 55.04 mg COD L −1 , ASM1 model showed poor fitting to the experimental data, with an average r 2 of 0.787. ASM3 had a better adjustment to the experimental data in all the range of S C tested. The same conclusion was reached from P-value estimation, with ASM3 model being more significant at higher substrate concentrations than ASM1. Consequently, ASM3 model was chosen to further characterize the fixed-bed process, namely, the storage affinity constant (K Sto ), the storage kinetic constant (k Sto ) and the response time of the process (t r ).
K Sto , k Sto and t r as well as the standard deviation ( ) for each parameter are shown in Table 3 . Table 3 also shows the average correlation factor (r 2 ) and P-value of ASM3 fitting to experimental data. K Sto , was slightly below the range reported in the literature for suspended cultures; 0.6-1 mg COD mg −1 COD (Guisassola et al., 2005; Gujer et al., 1999; Hoque et al., 2009) . k Sto , the kinetic constant of the storage material degradation was within previously reported values for suspended biomass; 0.05-0.2 h −1 (Guisassola 
Conclusions
In situ pulse respirometry was successfully applied for the characterization of a fixed-bed reactor. Combined with ASM3 model, in situ pulse respirometry allowed the estimation of 8 stoichiometric and kinetic parameters, namely Y XSto/S , Y X/XSto , Y O 2 /S , Y X/S , K S , K Sto , k Sto , and OUR exmax . Most of these parameters are usually determined from mass balance experiments or from samples taken from the core of the reactor. Given the time required to perform mass balance experiments and the difficulty to obtain representative samples from the core of the support media, pulse respirometry is a useful tool that allows the determination of a larger number of parameters in a shorter experimental time.
However, the respirometric method used in this work is based on the assumption that the respirograms observed from the dissolved oxygen electrode location are representative of the all reactor. Mixing and hydrodynamics play therefore a decisive role on respirometry in fixed-bed. In the model reactor used, no such limitation was observed, allowing basic fixed biofilm characterization. This same strategy can be applied in a variety of bioprocesses to improve basic understanding of fixed-film growths and kinetics. The application of pulse respirometry in larger scales or with other support media might be considered, but making sure a correct interpretation of respirograms is done in light of hydrodynamic characterization.
